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Abstract. Observations and theory have suggested that ocean fronts are ecological hotspots, associated with higher diversity
and biomass across many trophic levels. The hypothesis that these hotspots are driven by frontal nutrient injections is seemingly
supported by the frequent observation of opportunistic diatoms at fronts, but the behavior of the rest of the plankton community
is largely unknown. Here we investigate the organization of planktonic communities across fronts by analyzing 8 high reso-
lution transects in the California Current Ecosystem containing extensive data for 24 groups of bacteria, phytoplankton and
zooplankton. We find that a distinct frontal plankton community characterized by enhanced biomass of not only diatoms and
copepods but many other groups of plankton such as chaetognaths, rhizarians and appendicularians emerges over most fronts.
Importantly, we find spatial variability at a finer scale (typically 1-5 km) than the width of the front itself (typically 10-30
km) with peaks of different plankton taxa at different locations across the width of a front. Our results suggest that multiple

processes, including horizontal stirring and biotic interactions, are responsible for creating this fine-scale patchiness.

1 Introduction

Ocean fronts are narrow regions of elevated physical gradients that separate water parcels with different properties (Hoskins,
1982; Pollard and Regier, 1992; Belkin and Helber, 2015). Some fronts are simply boundaries between biogeographical do-
mains with distinct biological communities (Mousing et al., 2016; Tzortzis et al., 2021; Haberlin et al., 2019) that can overlap
and mix in the frontal region (Lévy et al., 2014; Clayton et al., 2014). But many empirical and modelling studies have also
pointed out that fronts can be specific "biological hotspots", attractive to higher predators (Belkin, 2021; Prants, 2022) and of-
ten associated with an enhanced local productivity of diatoms (Allen et al., 2005; Ribalet et al., 2010; Taylor et al., 2012; Lévy
et al., 2015). Theory has shown that frontogenesis, i.e., the intensification of a surface density gradient, leads to the vertical
injection of nutrients into the euphotic zone (Klein and Lapeyre, 2009; Lévy et al., 2012; Mahadevan, 2016). Although this
frontal supply of nutrients is generally assumed to propagate up the trophic web, the mechanistic link between nutrient supply
and higher trophic levels is still very poorly understood, in large part because of the limited information on the intermediate
trophic levels. Some studies have shown that the biomass and the activity of copepods is stimulated over fronts (Thibault et al.,

1994; Ashjian et al., 2001; Ohman et al., 2012; Derisio et al., 2014) and that mesozooplankton acoustic backscatter (Powell
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and Ohman, 2015) and gelatinous zooplankton can aggregate at fronts (Graham et al., 2001; Luo et al., 2014). In addition,
modelling studies suggest that the increased nutrient supply can create complex competitive interactions among phytoplankton
groups over fronts (Lévy et al., 2014, 2015; Mangolte et al., 2022). Finally, fronts are associated with extremely dynamic
horizontal currents that can transport water and their associated plankton communities over large distances (Clayton et al.,
2013, 2017; de Verneil et al., 2019). In line with these different mecanisms, Lévy et al. (2018) proposed a rationalization of the
biological impact of fronts, distinguishing between active (increased production in response to the nutrient injections), passive
(stirring by horizontal currents) and reactive (biotic interactions) processes.

Here, we test the hypothesis that plankton communities at fronts are primarily shaped by the bottom-up transmission of the
effect of the nutrient injections ("active processes"). To that end, we evaluate whether the taxonomic and spatial structure of the
entire planktonic community (from bacteria to zooplankton) are consistent with a bottom-up response to nutrient injections.
We then show that other processes, such as horizontal transport and trophic interactions ("passive" and "reactive" processes)
also contribute to the structure of frontal communities, leading to plankton niches at a sub-frontal scale. More specifically, we

address the following questions :

1. Are fronts commonly associated with a biological enhancement ("peak fronts") or are they simply a boundary between

two biologically distinct environments ("transition fronts") ?

2. In the case of peak fronts, are there changes in community structure associated with biomass enhancement ? Do all

species benefit from the frontal dynamics or are there winners and losers ?

3. What is the spatial organization of the plankton community across a front ? Is there biological variability at a scale finer

than the physical scale across the front ?

To answer these questions, we performed a meta-analysis of in-situ data collected as part of the CCE-LTER (California
Current Ecosystem Long Term Ecological Reasearch, Ohman et al. (2013)) program during four cruises between 2008 and
2017 (Fig. 1 and Table 1). The CCE is an eastern boundary upwelling system with a strong regional cross-shore gradient
from colder waters inshore to warmer waters offshore. This regional gradient is constantly stirred by the mesoscale horizontal
circulation, which results in a multitude of small-scale density fronts (Mauzole et al., 2020). The CCE region is populated both
by mesoscale eddies (Chelton et al., 2011), usually propagating westward, detectable from their Sea Surface Height (SSH)
anomaly and associated with geostrophic currents, and by coastal filaments originating from the coast and containing recently
upwelled water parcels moving offshore through a combination of geostrophy and Ekman transport (Chabert et al., 2021).
These two types of structures interact and lead to a complex interleaving of water masses separated by different types of frontal
features forced by different processes (Renault et al., 2021; Mauzole et al., 2020).

The empirical measurements include the quantification of the biomass of 24 taxa in the planktonic community, from het-
erotrophic and cyano-bacteria to phytoplankton and mesozooplankton (Fig. 3). The data were collected along eight high resolu-
tion transects (with a spacing of 1 to 5 km between stations) conducted across various structures, including upwelling filaments
and geostrophic fronts; we identified ten separate fronts from gradients in thermodynamical properties (density, temperature,

salinity), as two transects crossed filaments with fronts on either side.
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We first investigate whether the various groups of plankton have enhanced biomass over fronts compared to the fronts’
immediate surroundings (the "background"). We find that over most fronts, there is a specific frontal plankton community
characterized by biomass maxima of diatoms and many zooplankton taxa, but also minima of other phytoplankton taxa, par-
ticularly cyanobacteria. Then, we examine the fine scale spatial organization of the planktonic community by describing the
width and the position along the transect of these biomass peaks relative to the width of the density gradient. We find that,
contrary to expectations from the theoretical structure of vertical circulation at fronts (Klein and Lapeyre, 2009), the biomass
peaks are not aligned with the density gradient and their locations show an unexpectedly high level of variability among taxa.
Finally, in the Discussion section, we evaluate the implications of these observations in terms of the driving processes, paying

attention to their consistency with the hypothesis of a purely bottom-up system reacting to a frontal supply of nutrients.

2 Methods

We used data collected during four cruises of the CCE-LTER program (Table 1). During each cruise, one to three transects
were conducted across frontal structures (Fig. 1). Physical, chemical and biological properties were measured at nine to twelve
stations regularly spaced at high resolution (1-5 km between stations) along the transects and were all performed in a single
night (Fig. 2). At each station, 24 different plankton taxa were identified using measurements made using a CTD-rosette for
bacteria and phytoplankton and a net tow for zooplankton (Fig. 3). Other measurements included Chl-a fluorescence and
the concentration of macronutrients. Importantly, the same observations and methodology were applied for all CCE-LTER
transect cruises, which provides a consistent data set, although the data were collected in different years. Our method relies on
the comparison between the plankton community over the fronts and the community in the waters immediately surrounding the
fronts. We also examine the fine-scale organization of the plankton community across the front. The first step in our analysis
is thus the identification of the stations that we identify as frontal stations, and we compare the community structure at these

stations with the community structure in the neighbouring background stations.
2.1 Data

At each station, a CTD vertical profile was conducted down to 100 m and water samples were collected in Niskin bottles at
discrete depths on the ascent; zooplankton samples were then collected with a 202 um mesh vertical Bongo net tow (also from
0 to 100 m). In addition to the temperature and salinity recorded by the CTD, a fluorometer measured the in-vivo chlorophyll-
a fluorescence along each vertical profile. The concentration of macronutrients (nitrate, phosphate, silicic acid, nitrite and
ammonium) was determined at discrete depths from the Niskin bottle samples. The plankton samples were later analyzed on

land using three different methods (Fig. 3):

— Flow cytometry was performed on the Niskin bottle water samples (0-100 m), producing the abundance (number of cells/L)

of 4 taxa of pico-plankton (< 2 pm) identified by their light-scattering properties : Prochlorococcus (PRO), Synechococ-

cus (SYN), heterotrophic bacteria and pico-eukaryotes.



SST (°C)

36 20 36 4
Z 35 18 Z 35 g
3 34 16 o 34 0.5
E E 0.2
B 33 14 3 33 0.1
- - 0.05

32 12 32 0.03

124 122 120 124 122 120
longitude (°W) longitude (°W)

Figure 1. Location of the transects sampled by the CCE-LTER program in summer and autumn between 2008 and 2017. Transect names
(A, C2, C3, El, E2, Fl1, F2, F3) are indicated close to the first station of their corresponding transect (note that the stations of E1 and E2 are
in the same location, with E1 starting on the west and E2 on the east); stations identified as frontal stations are indicated by red crosses and
stations identified as background stations by black circles. Transects E2 and F1 each contain 2 fronts, leading to a total of 10 fronts for the 8

transects. Background color : July climatology over the study period (2008-2017) of (a) SST and (b) chlorophyll-a

Table 1. Name and characteristics of the eight CCE-LTER transects. C1 was aborted and is not included in this study.

Cruise Structure Name  Transects Date Length ~ Number Resolution References
Number of stations
P0810 A-front A 24-25 Oct 2008 25 km 9 2.8 km Landry et al. (2012) and

references therein

C-front C1 19-20 June 2011 6 km 5 1.3 km
Krause et al. (2015)
P1106 («California C2 2-3 July 2011 20 km 10 1.9 km
Brzezinski et al. (2015)
Current front»)  C3 15-16 July 2011 25 km 10 23 km
E-front El 4-5 August 2012 50 km 13 2-5 km Bednarsek and Ohman (2015)
P1208 («Eddy front») Stukel et al. (2017)
E2 20-21 August 2012 50 km 10 4.9 km de Verneil et al. (2019)
F-front F1 7-8 June 2017 35 km 11 3.4 km
P1706 («Filament F2 17-18 June 2017 90 km 11 8.4 km Zaba et al. (2021)
front») F3 22-23 June 2017 50 km 11 4.6 km

— HPLC (High Performance Liquid Chromatography) was performed on all the Niskin bottle samples (0-100m) during
90 the first cruise (A-front) and on the surface Niskin bottle only for the other 3 cruises (E-front, C-front and F-front).
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Figure 2. Number of stations and spacing between stations along each of the eight CCE-LTER transects. Stations are classified into frontal
stations (black crosses), and background stations on the warm side of the front (red dots) or cold side of the front (blue dots); small black
dots indicate stations that were excluded from the analysis (see text). Note that transects E2 and F1 contain two fronts and are shown twice

(E2a/E2b, F1a/F1b), once for each front, with empty circles over the second front.

The concentrations of chlorophyll-a and accessory pigments were measured and used to determine the contributions

(percentage) of 8 phytoplankton taxa relative to the total chlorophyll (Goericke and Montoya, 1998).

— Zooplankton samples were collected using vertical Bongo nets (0.71 m diameter, mesh size 202 pum) retrieved from

100 m, preserved in 1.8 % buffered formaldehyde and the organisms then identified in the lab using the ZooScan

95 semi-automated imaging system (Gorsky et al., 2010; Ohman et al., 2012) with 100% manual validation. The analy-
sis produced the vertically integrated abundance (number of organisms m~2) of 15 groups of meso-zooplankton. The
abundances of eggs (mainly belonging to copepods and euphausiids) and nauplii (the juvenile form of copepods and other

crustaceans) were also determined; the ratios of eggs or nauplii to adults is used as a proxy of secondary production.

The 24 individual taxa were then grouped into 7 functional groups. The functional groups were defined on the basis of
100 their ecological and biogeochemical roles rather than size and taxonomy. For instance, diatoms were separated from the other

eukaryotic phytoplankton because of their high potential for growth under nutrient replete conditions, while rhizaria and tuni-
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Figure 3. The 24 plankton taxa measured as part of the CCE-LTER program, sorted by size class (y-axis) and trophic group (color). Shown
are the different instruments used to measure their abundance (black rectangles). Arrows represent the main predatory interactions between
groups: pico-grazers consume bacteria and phytoplankton, meso-grazers consume eukaryotic phytoplankton, and carnivores consume graz-
ers. Flow cytometry produces the abundance of heterotrophic and cyano-bacteria collected in Niskin bottles at discrete depths (about 7 levels
from 0-100 m). HPLC produces the concentration of 6 taxa of eukaryotic phytoplankton collected in Niskin bottles at discrete depths for
the A-front and at the surface only for the other cruises. ZooScan produces the vertically integrated abundance (0-100 m) of 15 taxa of zoo-
plankton collected with a Bongo net tow. Flow cytometry includes two types of cyanobacteria : Prochlorococcus (PRO) and Synechococcus
(SYN). Nano and microzooplankton (such as ciliates) were only sampled in the A-front cruise (using epifluorescence microscopy) and are

not part of this meta-analysis.

cates were included in the pico-grazers group because they all consume bacteria despite the former being protists and the latter
metazoans. Since the different instruments provide measurements in different units, the abundances of the taxa were first con-
verted into carbon biomass which served as the common currency, then summed to obtain the total for each group. Appropriate
conversion factors were chosen according to the litterature, and include carbon content per cell for flow cytometry (Garrison
et al., 2000), chlorophyll:carbon ratios for HPLC (Li et al., 2010) and carbon per organism values for ZooScan (Lavaniegos
and Ohman, 2007). The vertically resolved data derived from Niskin bottles (flow cytometry for all the transects and HPLC for
the A-front) were then vertically averaged. Thus all the data are expressed as a carbon concentration (ugC m™—2).

It should be noted that nano- and micro-zooplankton (which mainly consists of heterotrophic protists such as nanoflagellates
and ciliates) were also measured during the A-front cruise using epifluorescence microscopy (Taylor et al., 2012). However,
they were not sampled during the subsequent cruises and thus are not included in this meta-analysis. Cyanobacteria (PRO and
SYN) were measured by both flow cytometry and HPLC; flow cytometry data were depth-resolved in all transects while the

HPLC data were only depth-resolved in the A-front transect (the other transects only include the surface value). There are some
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quantitative differences between the data produced by the two methods, but the patterns are generally similar (Fig. A6 and A7).
In the following analysis, we use the flow cytometry data since they are vertically resolved. Finally, pico-eukaryotes (measured
with flow cytometry) were not incorporated in our analysis because they include photosynthetic and heterotrophic organisms
that belong to different functional groups. The photosynthetic pico-eukaryotes were, however, measured independently by
HPLC. Moreover, because the category includes a vast variety of organisms with a wide range of carbon content values, they

could not be robustly converted to carbon biomass.
2.2 Identification of fronts

During the CCE-LTER cruises, fronts were first roughly identified using real-time satellite data of SST and SSH and their
location and physical structure more precisely localized with a free-fall Moving Vessel Profiler (MVP, Ohman et al. (2012)).
This permitted the transects to be successfully positioned in the cross-frontal direction. All transects show distinct density
and/or temperature and salinity gradients, indicating the presence of a front (uppermost panels in Fig. 4). Each front is sampled
by at least one station and in most cases at least three. Two of the transects (E2 and F1) crossed a cold filament and thus included
two fronts, each corresponding to one boundary of the filament. These two transects were separated in two half-transects prior
to analysis at the center of the filament (stations 5 in transect E2 and stations 6 in transect F1, indicated by vertical lines in Fig.
4). This led to a total of ten segments, each containing one front (Fig. 2). In this section, we describe the common procedure
we applied to identify these ten fronts; their individual characteristics and their temporal evolution (up to a few months before
and after each transect, reconstructed with satellite data as described in section 2.5) are presented in detail in the supplementary
text.

Along each segment, we sorted the stations into those belonging to fronts (black crosses in Fig. 2 and Fig. 4) and those in
the background, separating the cold side and warm side of the front (blue and red circles in Fig. 2, respectively). This was
done on the basis of the along-transect gradients of density, temperature and salinity, averaged between the surface and 50
m. Gradients were computed using central differences except at the boundaries where one-side differences were used. The
distributions of density, temperature and salinity and their gradients along the transects showed a variety of situations: the sign
and intensity of the density gradients strongly varied among transects, as well as their structure (Fig. 4 and Fig. A9); some
fronts were clearly associated with a marked density gradients (A, El), another (C2) was compensated (i.e., there was no
significant density gradient but there were marked temperature and salinity gradients), while others consisted of density steps
(e.g., F3).

To sort the stations, we used the absolute values of the gradients and normalized them by their averaged value along the
transect (hereafter Ap, AT and AS are the normalized gradients and they are equal to one when the gradient is equal to the
mean gradient). In order to capture the variety of situations described above, we used the following criteria to identify frontal

stations and background stations:

1. Stations where Ap > 1 or AT > 1 or AS > 1 were classified as a front, unless they were at the edge of a transect.
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2. Some stations have relative gradients lower than 1 but are located between frontal stations; these stations constitute steps
of a larger frontal structure and are also classified as frontal stations. This was the case for stations 5-6 of transect C2

and station 8 of transect F3.

3. Isolated stations with strong gradients outside of the targeted frontal area were excluded from the analysis (meaning they
are neither front nor backgound) when they were part of a separate physical structure. This was the case for stations 9
of transect A and station 1 of E2b where density variations reflect the large-scale cross-shore gradient; for station 1 of
transect A that is located at the edge of the California Current, with a salinity gradient of opposite sign from the main

front; and for stations 1-6 of transect F2 that are part of another filament (see the Supplementary text).

4. Stations where Ap > 1 or AT > 1 or AS > 1 located at the edge of a transect were classified as background in order to
provide at least one point of comparison with the other frontal stations of the transect. This was the case for station 11

of transect F3, station 1 of half-transect Fla, station 5 of half-transect E2b and station 1 of transect C2.

5. All remaining stations were classified as background.

Within background stations, we then identified those located on the cold (resp. warm) side of each front. Finally, we identified
the central position of the front (in km) and the width of the front, defined as the number of front stations multiplied by the

resolution of the transect (in km).
2.3 Front enhancement factor

We quantified the biological effect of each front by measuring a Front Enhancement Factor (FEF) for each plankton taxon,
as well as for total phytoplankton biomass and Chl-a fluorescence. The FEF was computed when there was a biomass peak
at the front, and was undefined otherwise. A peak at the front implied that the taxon has an extremum in biomass (maximum
or minimum) at one of the frontal stations, relative to values on both sides of the front. We defined the FEF as the relative

difference between the peak biomass at the front and the average biomass in the background stations surrounding the front:

Foour — B
FEF:%*NO (1)

where Fj.,}. is the biomass extremum among frontal stations (minimum or maximum) and B is the average biomass of the

background stations (including cold side and warm side).
2.4 Position and width of biomass peaks

Along each transect, taxa exhibited large changes in their biomass at the scale of a few stations, with clearly recognizable peaks
(Fig. 4 and Fig. A11, A12 and A13). To complement the FEF, which gives the intensity of the biomass peaks, we described the
spatial structure of the biomass peaks by recording their position (center of the peak) and their width. It is important to note

that the biomass peak detection and the location of the physical fronts are made independently from one another, the latter on
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the basis of the along-transect distribution of density, temperature and salinity, the former on the basis of the along-transect
distribution of the biomass of taxa. While most biomass peaks were located over frontal stations, some were outside of the
fronts. We then compared the location of the biomass peaks with the location of the physical front by measuring the difference
between their positions (in km), with the sign indicating whether the biomass peak is on the warm side of the front (positive

values) or the cold side (negative values).
2.5 Temporal evolution of the fronts

The temporal evolution of the fronts in the weeks leading to and following the in-situ transects was evaluated using satellite
data. For SST, CHL and SSH, we used datasets distributed by the Copernicus Marine Environment Monitoring Service (https:
//marine.copernicus.eu/) : the ESA CCI/C3S SST (https://doi.org/10.48670/moi-00169), the Globcolour Chlorophyll (https:
//doi.org/10.48670/moi-00281), which are both 4 km daily "cloud-free" products, and the GLORYS reanalysis SSH product
(https://doi.org/10.48670/moi-00021) at 8 km resolution . To characterize frontal structures more accurately, we combined
two complementary approaches : the first is based on the detection of strong gradients in the SST, which are quantified by
a Heterogeneity Index (HI, methods of Liu and Levine (2016); Haéck et al. (2023)). The HI was computed daily at 4 km
resolution, based on the ESA CCI/C3S product, but is limited by cloud cover. The second is based on the detection of stirring
structures and regions of convergence, quantified by backward in time Finite Size Lyapunov Exponents (FSLE, (D’Ovidio et al.,
2004; Fifani et al., 2021)). The FSLE were computed from horizontal velocities combining geostrophic currents derived from
altimetry and Ekman currents derived from wind-stress data (Chabert et al., 2021), but its accuracy with fine scale structures
is limited by the low resolution of altimetry data. Finally, to evaluate the history of the water parcels, we used the water age,
defined as the time elapsed since a parcel of water left the coast (defined as the 500 m isobath), and computed by advecting
water parcels backwards until they reach the coast (Chabert et al., 2021).

Snapshots of these satellite-based products at the time of each transect are shown in Fig. A1, A2, A3 and A4, and videos of

their evolution over 6 months are available as digital supplementary material.

3 Results

In the next sections, we first describe the composition of the frontal community (i.e., the presence and intensity of biomass
peaks at the front for the various plankton taxa using the enhancement factor) and secondly its spatial organization across the

fronts (in terms of width of the peaks and position along the transect relative to the density gradient).
3.1 Biomass enhancement at fronts
3.1.1 Variabiliy between fronts

We find that while plankton communities are generally enhanced at fronts, this effect is not uniform across either the plankton

groups or the fronts. In particular, front C3 (Fig. 5) represents an extreme case with no frontal enhancement of the total biomass
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Figure 5. Front enhancement factor of the planton community for the 10 fronts sampled. Grey boxes indicate transition fronts: in such cases
there is no enhancement at the front and the factor is undefined. Red and blue boxes indicate the intensity of the enhancement at the front:
a species more abundant at the front than in the background is shown in red (positive enhancement factor); a species less abundant at the
front than in the background is shown in blue (negative enhancement factor). The ten fronts are organized along the y-axis, and the plankton
taxa along the x-axis. The first panel (upper left) shows the total biomass for phytoplankton, for zoolankton and the fluoresence. The second
panel (upper middle) shows the seven functional groups. The other panels show the individual taxa constitutive of each group. The last panel

(bottom right) shows the early stages of copepods and euphausiid.

and the majority of individual taxa. Such fronts are deemed "transition fronts" in contrast with the "peak fronts" that do have
an enhanced frontal community with maxima of the total phyto- or zooplankton.

We find that some trophic groups have more consistent behaviors than others : diatoms and pico-grazers are almost always
strongly enhanced at every front, heterotrophic bacteria and other phytoplankton are generally weakly enhanced, while meso-
grazers and carnivores are only occasionally strongly enhanced (Fig. 5, upper middle panel). However, the examination of
these changes at a finer taxonomical resolution reveals that only a few of the taxa constituting these groups (such as diatoms,
copepods, rhizarians, appendicularians, chaetognaths and polychaetes) are systematically enhanced. Most of the other zoo-
plankton taxa have very intense peaks at only a few fronts (doliolids, euphausiids, pteropods, other crustaceans, cnidarians
and ostracods), while the responses of the rest of the phytoplankton (diatoms excepted) tend to be more variable (alternatively

increasing or decreasing depending on the front) and less intense (Fig. 5, upper right and lower panels).
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3.1.2 Modification of the taxonomic structure at peak fronts

At peak fronts, there is a maximum of either Chl-a fluorescence, or total phyto- or zooplankton biomass (Fig. 5, upper left
panel). However, the behavior of the individual trophic groups is not always that of the total, which implies that the signal of
the total biomass can mask differences at finer taxonomical resolution. In some cases, the differences are simply in the intensity
of the enhancement : for instance, at front C2 diatoms have a much stronger response than the other phytoplankton types (Fig.
5). In other cases however, different groups can have divergent behaviors. For instance, at front F3, the enhancement of the
total phytoplankton (Fig. 5 upper left panel) masks a minimum of cyanobacteria (Fig. 5 lower left panel), which represent less
than 0.1% of the total biomass. At front A, the total zooplankton signal ("transition") is dominated by the most abundant group,
the meso-grazers, whose "transition" masks the peaks of the pico-grazers and carnivores. Still in the A-front, the weak signal
of the total phytoplankton is the balance of the much stronger positive and negative enhancements of diatoms and the other
phytoplankton, respectively.

At an even finer taxonomical resolution (Fig. 5, top right panel and bottom row panels), the signal of a trophic group can also
mask differences between the individual constituent taxa. This is particularly important because taxa belonging to the same
trophic group have similar ecological roles and are expected to have similar responses to variations of their food supply. For
instance, in the A-front, copepods and euphausiids have a maximum and a minimum, respectively, despite the fact that both
of them can consume diatoms (which also exhibit a maximum). The implications in terms of the driving processes will be

discussed in the Discussion section.
3.2 Cross-frontal patchiness

In this section, we examine whether biomass peaks are aligned with the density gradient or shifted toward the warm or the cold
side of the front. We investigate the variability across fronts and across plankton taxa : are the peaks of all taxa aligned with
the density gradient peak ? Does a single taxon have peaks with similar characteristics for all the fronts ?

Examination of the data along all high-resolution transects reveals that there is variability at a very fine scale (up to 1-2 km),
i.e., between consecutive stations : in a single transect, biomass peaks of different taxa frequently occur at different stations, on
different sides of the front and have differents widths (Fig. 6 and Figs. A11, A12 and A13). Importantly, these different patterns
among taxa concern taxa with a variety of ecological relationships, including prey/predator, competitors (i.e., taxa with similar
ecological roles belonging to the same functional group), and taxa with no direct interaction. These three cases are illustrated
in figure 6 with diatoms/calanoid copepods and diatoms/euphausiids for the prey/predators (fronts E1 and F2, middle and right
panel), calanoid copepods/euphausiids (both meso-grazers that consume large phytoplankton) for the competitors (front E1,
middle panel) and appendicularians/chaetognaths for the taxa with little direct interaction (front A, left panel). In all of the
cases, the peaks differ in location and widths.

Figure 7 compares the position and width of the biomass peaks and density gradients for each front and each taxon. We find
that wide physical fronts (such as E1 and F3, 20-30 km wide) can be associated with both narrow and wide biomass peaks

while narrow fronts (such as A and C2, 5-15 km wide) tend to be associated with narrow biomass peaks. Importantly, the
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Figure 6. Distribution of physical and biological properties across three of fronts. The first row shows the physical structure of the fronts
(temperature and density). The second row illustrates the fine scale spatial variability of the biomass peaks among two functionally different
taxa (chaetognaths and appendicularians, front A), among functionally similar taxa (calanoid copepods and euphausiids, E1) and among
prey and predator taxa (fronts E1 and F2). The third row illustrates the segregation of cyanobacteria on either side of the fronts ("transition").
Frontal stations are indicated by crosses; the stations on the warm and cold side are written in red and blue, respectively. The vertical line

shows the middle of the frontal stations, defined with the density gradient. The same grid spacing is used for the x-axis of the three fronts.

physical scale of the front (width of the density gradient peak) is always wider than the biological scale of the fronts (width of
the biomass peaks). The position of the biomass peaks is highly variable depending on the front. Over most fronts, plankton
taxa are shifted toward the cold side (fronts A, E1, Fla, F1b, F3), but over fronts C2 and E2b they are shifted toward the warm
side, and in one case (F2) taxa are evenly split between the warm and cold side. Furthermore, individual taxa do not have
systematic behaviors; they can peak on the warm or cold side, and have wide or narrow peaks, depending on the front.

It should also be noted that some biomass peaks are shifted so far from the density gradient peak that they are located among
the background stations. These peaks (such as the diatom peak in front E1 or the fluorescence peak in front Fla) were thus

missed entirely in the computation of the peak enhancement factor.
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Figure 7. Size of the plankton biomass peaks, relative to the size of the front in the cross-front direction. The colorscale indicates the position
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the warm side of the front and negative values (blue) mean that the biomass peak is shifted toward the cold side of the front. The size of the
circle indicates the width of the peaks. The absence of a circle indicates the lack of a biomass peak ("transition" behavior). Dashed squares

highlight the taxa presented in detail in figure 6

4 Discussion
4.1 How common are biomass enhancements at fronts ?

We find that seven out of the ten fronts included in this meta-analysis are associated with an enhanced biomass of phyto-
plankton and zooplankton, showing that fronts are generally more than simple barriers between plankton communities, and
often support a specific frontal plankton community. This is consistent with a glider study of 154 fronts in the CCE-LTER
region where Powell and Ohman (2015) found frequent front-related enhancement of Chl-a and mesozooplankton acoustic
backscatter. However, it is possible that these "peak fronts" are over-represented in this dataset because the cruises specifically

targeted intense and stable structures that are the most likely to be associated with a strong ageostrophic circulation and thus
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Figure 8. Schematic representation of the processes driving changes in community structure and fine scale cross-frontal patchiness at fronts.
Black and green lines on top of the figure show the cross-front distributions of density and biomass; the physical signature is generally wider
than the biological peaks, although the density or temperature gradients can increase in small steps. The green and purple plankton community
mature as they are transported horizontal currents and converge at the front. Nutrient injections at the front stimulate plankton growth; the
different conditions experienced by plankton (nutrient supply, light, temperature, biotic interactions) can create different communities toward

the warm (yellow to green gradient) or cold side (yellow to orange gradient).

with biomass enhancements. A counter-example to our finding was presented by Tzortzis et al. (2021), who investigated the
biological effect of less energetic fronts in the Mediterranean sea and found that they were mostly boundaries between distinct
phytoplankton taxa.

The detected biological enhancements over CCE-LTER fronts was made possible by the high across-front resolution of
the sampling. Indeed, horizontal spacing between two adjacent stations along the CCE-LTER transects resolved cross-frontal
patchiness, with only the coarsest transect (F2, resolution of 8 km, Fig. 6¢) at the limit. Our results clearly showed that
biomass peaks are thinner than the front and could have easily be missed with a coarser sampling. However, it is also possible
that structures at an even finer cross-frontal scale exist : for instance, Chekalyuk et al. (2012) showed the presence of a patch of

Synechococcus only 100 m wide in the A-front using continuous shipboard measurement that was missed in the CTD transect.
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One limitation of the CCE-LTER data set is that HPLC samples were only analyzed at the surface for most of fronts, which
did not allow the detection of peaks when they were in the subsurface. Nevertheless, Chl-a fluorescence measurements, which
were conducted continuously during each CTD profile, provided useful and complementary information on the vertical struc-
ture of phytoplankton despite their low taxonomic resolution. For example at front F2, there was no visible HPLC-surface
diatom peak but there was a peak in the vertically integrated Chl-a fluorescence (right panel in figure 6), suggesting that the
biomass enhancement was likely in the subsurface. In other cases, we noted that some of the phytoplankton peaks detected
by surface measurements were horizontally shifted from the vertically integrated values of both zooplankton and Chl-a fluo-
rescence (e.g., fronts E1 and F3). Indeed, vertical profiles of Chl-a fluorescence revealed that chlorophyll layers were tilted
(Fig. A5), which can explain both the horizontal shift and the wider scale of the vertically integrated peaks. Tilted layers are
commonly found in frontal structures and are indicative of the vertical ageostrophic circulation generated during frontogenesis
(de Verneil et al., 2019). In addition, a finer vertical resolution than achieved in CTD transects might be necessary to fully
resolve the vertical structures. Indeed, the use of the MVP at the E-front revealed the presence of very fine vertical layers (1-10
m) in the chlorophyll-a and salinity distributions (de Verneil et al., 2019) that were only partially resolved with the Niskin
bottle data, which were collected with a vertical resolution of 10-20 m). Moreover, the use of an in-situ imaging system in
towed instruments similarly revealed heterogeneities in the zooplankton distribution at scales of a few meters (Ashjian et al.,
2001).

The dataset used in the present study provides a snapshot view of the planktonic ecosystem but cannot capture their time
evolution. Thus, our estimates of frontal enhancement might not be representative of the mean amplification over a longer
period of time. Spatio-temporal variability at fronts may result from three factors : first, frontal communities may not be
at equilibrium because the nutrient supply is intermittent. For example, the C3-front does not have a biomass enhancement
despite the presence of a very intense density gradient. One explanation for this paradoxical situation is the delay between
the onset of the nutrient injection and the accumulation of phytoplankton and zooplankton biomass. If the transect had been
conducted a few weeks or maybe even a few days later, biological enhancements might have been detected.

Second, fronts are constantly being displaced by the horizontal circulation (which is particularly intense in the CCE) and
their location can change quickly and unpredictably. It is thus difficult to follow the evolution of a front over a few weeks. The
2012 cruise attempted to do this by performing two transects (E1 and E2) at the same coordinates 2 weeks apart. However, the
physical seascape shifted in the interval because of the unexpected arrival of a coastal filament, which resulted in two different
structures being sampled in the two transects (Fig. A3 and videos). This example highlights the need to follow in real-time the
evolution of water masses before choosing the location of a transect. This requires real-time Lagragian analysis of satellite data
(e.g., using the SPASSO software as in Tzortzis et al. (2021); Rousselet et al. (2018); Barrillon et al. (2023)).

Third, water is advected quickly along the fronts : frontal jets often have velocities of 0.5 ms™1, i.e., about 50 km/day
(Barth et al., 2000; Kosro and Huyer, 1986; Zaba et al., 2021). The composition of a plankton community at a given transect
site thus depends on the conditions upstream of the front and the history of the water masses. Specifically in the CCE, the

horizontal circulation connects fronts with the coastal upwelling zone, whose intensity strongly varies over only a few days.
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These short upwelling pulses can generate chlorophyll patches that are then advected away from the coast by mesoscale eddies

and frontal jets, and can result in along-front patchiness (Gangrade and Franks, 2023).
4.2 What are the implications of the observed taxonomic structure for the driving processes ?

In "transition fronts", the composition of the frontal community can be explained by simple cross-frontal mixing between
communities on the warm side and cold side, respectively. In contrast, the specific community encountered in "peak fronts"
requires additional processes capable of selectively increasing the biomass of some groups, such as local growth, transport
from a more productive region, and/or biotic interactions (Fig. 8).

We found that the enhancement of total biomass is associated with a modification of community structure. This implies
that different taxa respond in different ways to frontal dynamics. In particular, we examined the behavior of rarer taxa that
are masked by the dominant groups when only the total chlorophyll or the total particle count are measured. Importantly, we
found that two taxa with similar ecological roles within a trophic group can have different responses at fronts. We found that
many taxa of both phytoplankton and zooplankton are almost systematically associated with fronts. While this behavior is
well-known for some (particularly diatoms (Franks, 1992; Claustre et al., 1994; Yoder et al., 1994; Allen et al., 2005; Ribalet
et al., 2010; Carreto et al., 2016), copepods (Boucher, 1984; Thibault et al., 1994; Derisio et al., 2014; Ohman et al., 2012) and
gelatinous zooplankton (Graham et al., 2001; Luo et al., 2014)), the effect of fronts on other taxa have only been investigated
very occasionally (e.g., Capitanio and Esnal (1998) for appendicularians).

The most intuitive explanation for the high abundance of these groups is increased growth in response to the supply of
nutrients. In order to test this relationship, we attempted to characterize the age of the fronts, which we assumed to be a proxy
of the duration of the supply of nutrients by the ageostrophic circulation. Most of the fronts included in this analysis are
relatively stable, and the physical structures underlining them (SST or SSH gradients and FSLE ridges) are generally visible
on satellite images at least a few weeks before each transect was conducted, depending on the cloud cover (supp. videos). Such
timescales, in principle, are long enough to support the local growth of phytoplankton (Lewandowska et al., 2015) and most
meso-zooplankton (Kotori, 1999; Bouquet et al., 2018; Eiane and Ohman, 2004). However the cloud cover, the complexity
of the structures and their spatial movement make it difficult to precisely date the appearance of the gradients identified in
the transects. It should also be noted that injections of nutrients at fronts should only produce an increase of the growth rates
if the phytoplankton population is nutrient-deprived, which is not the case for every front (Fig. A10). Interestingly, however,
the "younger" fronts (F1-F2, which can only be identified on satellite images for a few days before the transects) show less
zooplankton enhancement than the other fronts. The zooplankton taxon with the fastest reproduction rate, the appendicularians,
is also the one most strikingly enhanced at fronts (Fig. 5). But despite these observations, a robust causal link is difficult to
establish because of the many large uncertainties associated with both the estimation of "frontal age" and biological growth
rates, particularly the reproduction rates of zooplankton, which are highly variable at taxonomical resolutions finer than the
present dataset. Finally, we cannot rule out the possibility that peaks of both biomass and secondary production are attributable
to advection along the front of a more productive water parcel. Community structure does not depend only on the local frontal

dynamics, but is also strongly influenced by the regional context, which in our study region is dominated by the coastal
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upwelling. Consequently, the description of these local dynamics alone is not sufficient to explain the community structure.
Instead, the elucidation of the relative importance of these two processes (frontal injections of nutrients and advection) requires
taking into account the history of the water parcels by adopting a Lagrangian perspective (Gangrade and Franks, 2023).

Finally, the third process - biotic interactions - may explain some of the differential responses among plankton groups.
Indeed, we found that many phytoplankton taxa other than diatoms often have lower abundances at fronts than in their sur-
roundings. A recent modelling study offers a possible mechanism that could explain this observation : Mangolte et al. (2022)
showed how two competitive processes can be intensified by frontal conditions, resulting in lower abundances of cyanobacte-
ria and coccolithophores : community shading (reduced growth rate because of light competition with another phytoplankton
group located higher in the water column) and shared predation (increased grazing losses because of a shared predator with
another group). However, it should be noted that the decrease of some of the phytoplankton groups was not shown in additional
measurements made in the A-front with a different methodology (epifluorescence microscopy). The minima of prymnesiophyte
and dinoflagellate HPLC-derived biomass were either much reduced or absent from the microscopy measurements (Fig. A8).
One explanation is that the pigment composition of these groups was different at the front, possibly as a result of a change
at the species level, and was interpreted as a lower abundance by the HPLC methodology (which relies on the assumption
of a constant pigment composition). Another explanation is that the cell counts produced by the epifluorescence microscopy
semi-automated system underestimated the abundance of these groups outside the front, possibly also as a result of a modifi-
cation of the species assemblage at the front. Both explanations suggest that a higher level of taxonomical resolution (up to the
species level, for instance provided by genomics) may be necessary to go further in our understanding of the effect of fronts
on phytoplankton communities.

In the case of cyanobacteria, a shared predation mechanism involving heterotrophic bacteria as the competing prey and
nano-zooplankton (heterotrophic nanoflagellates and ciliates) as the common predator was introduced by Goericke (2011)
and later termed the "enhanced microbial loop" by Taylor and Landry (2018). In these studies, this mechanism was invoked
to explain large scale patterns of phytoplankton community structure (for instance between productive coastal waters and
oligotrophic offshore waters at scales of 100s of km); here we suggest that it could also play a role at much smaller scales
(1-10 km, i.e., between productive frontal waters and an oligotrophic background). In the enhanced microbial loop framework,
the elevated POC concentration (such as detritus or faecal pellets) and associated microbial activity leads to an increase of
nano-flagellate predation on both heterotrophic and cyanobacteria, ultimately resulting in a decrease of the abundance of
cyanobacteria. Indeed, Samo et al. (2012) showed that the growth of heterotrophic bacteria is elevated in the A-front, and
attributed the absence of a similarly elevated biomass to viral lysis. We also suggest that the shared predation could be mediated
by appendicularians in addition to nano-zooplankton. Appendicularians are also likely to play a particularly important role in
the top-down regulation of bacteria because their extremely high growth rates allow them to react quickly to an increase in
their food supply (Capitanio and Esnal, 1998). Many of the other fronts in our meta-analysis similarly have a moderate increase
of bacteria and a very high increase of appendicularians; however the omission from the measurements of nano-zooplankton
(heterotrophic nanoflagellates and ciliates) prevents us from drawing conclusions on the relative importance of the two trophic

pathways, limiting our understanding of the biotic processes regulating plankton communities at fronts.
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Thus, in the CCE-LTER fronts, the plankton community structure is likely regulated by the coupling of transport and biotic
interactions, including both bottom-up (growth in response to nutrient injections) and top-down (elevated grazing pressure)

processes.
4.3 What are the implications of the observed spatial structure for the driving processes ?

We found that there is cross-frontal patchiness at scales smaller than the front (Fig. 8): biomass peaks (2-10 km) are narrower
than physical fronts (10-30 km) and they are shifted toward the cold side (more commonly) or the warm side by up to 10 km.
Furthermore, the peaks of different plankton taxa can have different positions along the transect and different widths.

The fine scale cross-frontal patchiness suggests that there are processes capable of spatially decoupling the biomass of
different plankton taxa, creating multiple adjacent communities rather than a single "frontal plankton community". Importantly,
the spatial decoupling is affecting closely interacting taxa (such as competitors and prey/predators) that are expected to remain
together in a purely bottom-up scenario.

Therefore, additional processes such as advection by currents and biotic interactions, are necessary to explain the observed
patchiness. Two scenarios could explain how such different communities could be located in such proximity (Fig. 8). First, these
communities could have been generated in remote locations and brought together by the converging horizontal circulation. The
different taxonomic structures would be caused by the different environmental conditions (such as the date and intensity of the
nutrient supply) experienced by the water masses. The analysis of water mass trajectories supports this scenario at the E-front
(de Verneil et al., 2019), while a cursory examination of satellite data suggests that it is also the case in some of the other fronts
in this analysis (most notably C2, Fig. A2).

Second, an initially homogeneous frontal community could have evolved in different ways because of differences in the
environmental conditions across the frontal gradient. These differences could involve the nutrient supply : the frontal injection
of nutrients is theoretically located on the warm side because of the direction of the ageostrophic frontal circulation. However,
the exact location of the nutrient supply is difficult to determine from the data because the center of the density gradient is
not necessarily a good proxy for the center of the ageostrophic circulation. In addition, meanders of the fronts can create a
geostrophic pumping of nutrients on either side (Oguz et al., 2015; Lohrenz et al., 1993).

They could also be related to differences in stratification and temperature, which can influence a variety of biotic processes
from the growth rates of phytoplankton to the vertical migration (DVM) of zooplankton and the prey-predator encounter rates.
The patchiness can be maintained at a very fine scale (a few kilometers) as long as the timescale of these biological processes
is faster than turbulent mixing.

Despite the richness of this dataset, there is not enough information on the potential drivers to quantify the contribution of
each process. For instance, the elucidation of biotic interactions requires knowledge of nutrient fluxes and growth and grazing
rates, not just the nutrient stocks and abundances. In addition, given the intensity of the mesoscale circulation, knowledge of
the conditions upstream of the fronts is needed. Even with the information that is available, there are significant uncertain-
ties, particularly for the age and location of the frontal supply of nutrients (detailed above). Furthermore, interactions among

different drivers need to be taken into account.
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5 Conclusions

In this study, we describe the taxonomic structure and fine scale spatial organization of plankton communities across ten fronts
in the California Current Ecosystem upwelling region. The hypothesis of frontal nutrient injections explains the predominance
of diatoms at fronts, but needs to be supplemented by other processes (i.e., biotic interactions and transport) to explain the dif-
ferential responses of the other plankton groups and the cross-frontal patchiness. The high horizontal and taxonomic resolution
of our dataset allowed us to gain a more complete view of fronts as complex structures driven by the coupling of physical and
biological processes. The understanding of the role of fronts on marine ecosystems by empirical means can be further improved
in two ways. Firstly, frontal communities should be sampled at appropriate horizontal, vertical, taxonomic and temporal reso-
lution. While many instruments can achieve excellent performance at one scale, the challenge lies in simultaneously increasing
all the dimensions of resolution, which can be achieved by strategically combining multiple shipboard and autonomous instru-
ments. Secondly, the quantification of the role of the key processes at fronts requires the adoption of a Lagrangian perspective
to follow the evolution of the community as it is advected by the currents, which should include in-situ biological rates (growth
and grazing) along the drifter trajectory combined with high resolution altimetry measurements to characterize the regional
circulation.

The elucidation of the structure of frontal ecosystems and of the processes driving them should then allow the development
of parametrizations that will permit fronts to be included in global climate models and fishery management models in order to

ultimately evaluate their contributions to the cycling of matter and energy in the ocean.

Code and data availability. The original datasets are available on the CCE-LTER database
(https://oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets) and at the Environmental Data Initiative site (https://edirepository.org/).

The code used to perform the analysis and the data in netCDF format are available at https://doi.org/10.5281/zenodo.7734963

Video supplement. Videos corresponding to the snapshots of Figs A1, A2, A3, and A4 extended to 3 months before and after the transects

are available as supplementary material

Appendix A: Description of the structure and context of the fronts

The following sections describe the regional context of each of the four cruises and the physical structure of each transect.
We present the transect CTD data (Fig. 4 and vertical distribution in Fig. A9) and we reconstitute the evolution of the frontal
structures in the weeks before and after the transect date by visually examining satellite data (Supp. Figs. A1-A2-A3-A4 and

videos).
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A-front

In October 2008, an SST front named the "A-front" was identified and sampled in a single 25 km transect consisting of 9
stations spaced by about 3 km. The data from this transect, along with other measurements taken during the cruise, were
extensively analyzed (including the physical and ecological properties of the front, from bacteria to fishes) and published in a
series of papers (see Landry et al. (2012) for a summary of the results).

Transect A crossed an isolated, narrow front (the A-front), clearly marked by steep density and temperature gradients at
stations 3-4-5 (forming a front about 5 km wide, Fig. 6a). It separates warm waters on the south side (stations 1-2) from colder
waters on the north side (stations 6-7-8). The A-front is located just north of the California Current, which is caracterized by a
subsurface minimum of salinity visible in station 1 (Fig. A9). Satellite data (SST and water age, Fig. Al and videos) show that
the A-front was sharpened about 3 weeks before the transect was conducted, when the arrival of a mass of upwelled water from
the north suddenly intensified the north-south temperature gradient. An anticyclonic eddy also developed on the south side
of the front as the gradient intensified. In-situ velocity data and the results of numerical simulations showed that the A-front
is associated with an eastward, along-front geostrophic current and a vertical cross-frontal ageostrophic circulation supplying
nutrients to the euphotic zone (Li et al., 2012). The A-front is about 200 km long and remained nearly stationary for months

after the cruise, suggesting that its ecological impacts could be significant.
C-front

In July 2011, a frontal structure was identified and named the "C-front" because it crosses the California Current. Three
transects were conducted : the first transect, C1, was initiated before the precise location of the front was known from the
MVP survey and was quickly aborted because it did not adequately capture the front; it is not included in the present study. C2
and C3 were then conducted, both include 10 stations over about 20 km, with a spacing of about 2 km. The distribution and
biogeochemical properties of diatoms were investigated in Krause et al. (2015) and Brzezinski et al. (2015).

Transect C2 crossed a weak thermal front separating a warm-core anticyclonic eddy on the west (offshore) from colder waters
on the east (inshore). The transect is relatively short compared to the width of the front, and barely samples the cold and warm
sides (Fig. A9). Notably, the temperature variation, although weak, is not uniform across the front: the temperature gradient is
largest at stations 3 and 8, with a step of virtually constant temperature at stations 5-6-7. Also notably, the temperature gradient
is strongly compensated by the salinity, resulting in a low density gradient. The SST and SSH signature of the eddy are visible
at least 3 months before and 3 months after the transect (Fig. A2 and videos), suggesting that this frontal structure is relatively
stable. Satellite data show the presence of a geostrophic current flowing south around the anticyclonic eddy, transporting water
of coastal origin; the water age analysis shows that this water left the coast about 6 weeks before the transect.

Transect C3 crossed a very intense salinity front aligned with an extremely narrow cold filament (stations 7-8-9), delimited
by two thermal fronts at the filament’s boundaries (Fig. A9). The complex salinity and temperature distributions lead to some
thermohaline compensation (particularly on station 7), but a clearly defined density front is visible on stations 8-9-10. The

presence of clouds and the resolution of the satellite data make it difficult to identify precisely the structure sampled and the
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origin of the water. However, a reasonable hypothesis would be that a strong geostrophic front, driven by salinity, generated a

horizontal current which advected the cold filament along the salinity front.
E-front

In August 2012, a frontal structure at the boundary between two eddies, identified in SSH images, was named the "E-front"
(with E for eddy) and sampled in two transects, E1 and E2, which are both 50 km long and were conducted at the same
coordinates two weeks apart. The resolution of E1 varies from 2 to 5 km, with stations more closely spaced in the center of the
transect, while E2 has a constant spacing between station of 5 km. The horizontal and vertical circulation at the E-front were
investigated by De Verneil and Franks (2015); de Verneil et al. (2019); Stukel et al. (2017) with a Lagrangian analysis and a
model, respectively. Bednarsek and Ohman (2015) examined the distribution of shelled zooplankton across the front.

Transect E1 crossed a front in temperature and density between a warm anticyclonic eddy on the west (offshore) and a cold
cyclonic eddy on the east (inshore). The frontal region is a wide area of steep temperature and density gradients (stations 5 to
10, with a width of about 20 km) separating warm, fresh water (stations 1-4) from cold, saltier water (stations 11-13). As noted
by previous studies, the geostrophic jet flowing south along the front is the convergence of water masses of different origins,
some from upwelling sites to the east and north of the transect zone, and some from offshore (de Verneil et al. (2019); Gangrade
and Franks (2023)). The water age analysis also shows water parcels of different origins in the frontal region, including some
that left the coast 6 weeks and some 10 weeks before the transect. This front is a relatively stable structure, the 2 eddies remain
mostly stationary for about 2 months before and 1 month after the transects.

Despite being conducted only two weeks later at the same coordinates, the E2 transect crossed a different frontal structure
because the two eddies and the E1 front were pushed offshore by the arrival of a coastal filament transporting recently upwelled
water. This coastal filament (which is approximately 30 km wide) originated at an upwelling site east of the transect about 3
weeks earlier (Fig A3 and supplementary videos) and was transported anti-clockwise around a cyclonic eddy located east of
the transect. The cold filament is aligned with a very intense salinity front, which leads to some thermohaline compensation
on station 3. However two separate density fronts are visible, mainly driven by the two thermal fronts which separate the cold
filament waters (stations 4-5-6) from the warmer waters outside of it (9-10 and 1-2 ): front E2a (stations 6-7-8) is the western
edge of the filament and front E2b (station 3) correspond to its eastern edge. At the time of the transect, 3 water masses of
different ages were present in the frontal region : young filament water (20 days old), older filament water (40 days old) and
very old water trapped inside the eddy (3 months old). A likely scenario for the formation of this structure is the advection of

recently upwelled water (the "young filament) along the geostrophic salinity front.
F-front

In June 2017, a coastal filament (the Morro Bay filament) transporting cold, recently upwelled and productive water offshore
(Zaba et al., 2021) was identified and 3 transects were conducted across it. The fronts separating the cold filament water and

the warmer water around it are collectively named the F-fronts. F1 is the closest to the shore, followed by F2 (10 days later)
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and then F3 (5 days later). F1 and F3 have a high resolution, similar to the previous cruises, while F2 is much longer and has a
lower resolution of about 8 km.

Transect F1 crossed the entire filament and contains two fronts which correspond to the two edges of the filament : front Fla
on the southern edge (stations 2-3) and front F1b (stations 9-10) on the northern edge. For both fronts, the cold side is the core
of the filament (stations 4-8) and the warm side is outside the filament (stations 1 and 11). There is a complex thermohaline
structure associated with the filament and the fronts, with steps in temperature that do not translate to the density structure,
such that the frontal stations are better seen on the density structure.

Transect F2 also crossed the entire coastal filament, however the front forming the southern edge of the filament (around
stations 5-6) is weaker and compensated in density and was not included in the analysis. Stations 1-5 are part of an older
filament which left the coast about 40 days before the transect (in contrast to the main filament, which left the coast less than
20 days before the transect). The F2 front thus corresponds to the northern edge of the main filament and is well defined by the
elevated temperature and density gradients at stations 9-10-11. The warm side is outside the filament (station 11) and the cold
side is inside (stations 7-8).

Transect F3 crossed a wide region of strong temperature and density gradient (stations 5-11, 30 km width), corresponding
to a transition between warm offshore waters (stations 1-5) and colder waters (station 11). These colder waters left the coast
east of the transect 3 weeks before the F3 transect was conducted (Fig. A4). Similarly to the C2 and F1a fronts, the temperature
along F3 varies in steps, with stretches of flat gradient within the wide frontal region (in stations 7-8-9). The FSLE and water
age analysis suggest that this frontal region contains a narrow stirring filament transporting older coastal water (6 weeks) in a
trajectory parallel to the main coastal filament. The secondary filament was initially flowing southward but was pushed offshore
by the main filament and is curved around it on the west side at the time of the F3 transect. The water of the secondary filament

is older than the main filament (6 weeks vs 3 weeks).
Summary

In summary, this examination has revealed that all transects crossed temperature and/or density gradients (indicating the pres-
ence of a "front"), whose width varied between 5 and 30 km. In some fronts, the density varies in a single step (A, C3, El,
E2, F2). In the others (C2, F1, F3), the density varies in multiple steps, indicating the presence of structures at a scale smaller
than the width of the front. Satellite data suggest that many of the fronts are associated with strong currents that are advecting

filaments along the fronts. In some cases, multiple filaments are converging in the frontal zone.
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Figure A1. Snapshots of satellite-derived data at the time of transect A : SST (black lines indicate SST fronts (HI>10)), chlorophyll, FSLE
(day’l, with SSH in white contours at 0,0.05,0.1,0.15,0.2,0.25,0.3 m above geoid; dashed lines indicate cyclonic eddies and solid lines
anticyclonic eddies) and water age (in days since the water parcel left the coast). The hatches indicate the presence of clouds, where the fields
are smoothed by the interpolation (resulting in weaker gradients). The position of the transect is indicated with red crosses for frontal stations

and small black dots for background stations.

24
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Figure A2. Snapshots of satellite-derived data at the time of transects C2 and C3 : SST (black lines indicate SST fronts (HI>10)), chlorophyll,
FSLE (day ™', with SSH in white contours at 0,0.05,0.1,0.15,0.2,0.25,0.3 m above geoid; dashed lines indicate cyclonic eddies and solid
lines anticyclonic eddies) and water age (in days since the water parcel left the coast). The hatches indicate the presence of clouds, where the
fields are smoothed by the interpolation (resulting in weaker gradients). The position of the transect is indicated with red crosses for frontal

stations and small black dots for background stations.
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Figure A3. Snapshots of satellite-derived data at the time of transects E1 and E2 : SST (black lines indicate SST fronts (HI>10)), chlorophyll,
FSLE (day ™', with SSH in white contours at 0,0.05,0.1,0.15,0.2,0.25,0.3 m above geoid; dashed lines indicate cyclonic eddies and solid
lines anticyclonic eddies) and water age (in days since the water parcel left the coast). The hatches indicate the presence of clouds, where the
fields are smoothed by the interpolation (resulting in weaker gradients). The position of the transect is indicated with red crosses for frontal

stations and small black dots for background stations.
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Figure Ad4. Snapshots of satellite-derived data at the time of transects F1, F2 and F3 : SST (black lines indicate SST fronts (HI>10)),
chlorophyll, FSLE (dayfl, with SSH in white contours at 0,0.05,0.1,0.15,0.2,0.25,0.3 m above geoid; dashed lines indicate cyclonic eddies
and solid lines anticyclonic eddies) and water age (in days since the water parcel left the coast). The hatches indicate the presence of clouds,
where the fields are smoothed by the interpolation (resulting in weaker gradients). The position of the transect is indicated with red crosses

for frontal stations and small black dots for background stations. 27
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Figure AS. Top row : vertical sections of fluorescence (V). Bottom row : vertically integrated fluorescence (0-100 m) and HPLC-derived
surface Chl-a (ugChl — am™?). Front stations are indicated by crosses and the background stations by circles; the numbers of the frontal

stations are written in bold and the warm and cold sides in red and blue.
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measured by two different instruments : HPLC (left row) and Flow Cytometry (FC, right row). The numbers of the frontal stations are written
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measured by HPLC and Flow Cytometry (FC). Front stations are indicated by crosses and the background stations by circles; the numbers
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Figure A11. Distribution across fronts A, C2 and EI of the total biomass (ugC m ~>) of each trophic group (left column) and biomass of the
individual taxa constituting it. The data are centered on the physical density gradient (vertical black lines), the crosses indicate the stations

with a biomass peak. The x-axis is in km, with O at the center of the front.
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